This paper reports spectroscopic properties of the 3 H 4 and 3 F 4 Tm 3+ levels in TZN glass host with a concentration range from 0.82 to 22 10 20 cm -3 . Precise refractive index measurements are performed on five different wavelengths by the prism coupling method. Judd -Ofelt intensity parameters have been determined in order to obtain transition rate, branching ratio, and radiative lifetime. Spectroscopy measurements showed the most promising concentration for 1.8 µm short cavity laser emission at 6.84 10 20 cm -3 Tm 3+ with a 24% quantum efficiency Confidential: not for distribution.
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Introduction
Huge scientific effort was devoted in investigation materials and devices for emission in the infrared wavelength region where optical telecommunications play their main role, in the so called S-band from 1460 to 1530 nm, C-band from 1530 to 1565 nm and L-band from 1565 to 1625 nm. On the other hand, infrared (IR) domain at wavelengths around 2 µm includes different properties and offers a number of applications. First of all, there is an atmospheric transparency window that allows remote sensing in free space. Detection of water vapor is also possible in such range of wavelengths, thanks to strong vibrational absorption lines [1] .
Thulium (Tm 3+ ) is a good choice for IR domain applications because of its absorption at 790 nm which is available using commercial diodes, and its interesting emission at~1.8 µm for a number of sensing and medical applications [2] . In addition, the phonon assisted energy transfer process called "cross relaxation"(CR: 3 H 4 , 3 H 6 3 F 4 , 3 F 4 ) allows obtaining two ions in upper laser level for each pumping photon, which enhances the 1.8 µm emission and is one of the main reasons for utilizing thulium as an active ion for IR applications. An important feature of Tm 3+ as emitter in a host glass is the possibility of continuous tuning in the 1.8 -2 µm region depending on the host matrix, thanks to its wide emission peak. Tunability of Tm is also demonstrated in the 2.2 -2.46 µm region in Tm:YLF host (crystal host) for small dopant concentrations [3] .
Another interesting emission in the eye-safe region and telecommunication S-band is at 1.47 µm which occurs for 3 H 4 3 F 4 transition. However, inverted population for such lasing transition is more difficult to obtain without depopulating the lower energy level since the lifetime of 3 H 4 level is shorter than the one of 3 F 4 which creates the so called 'bottleneck' effect.
The aim of this study is a detailed glass examination in order to improve fiber lasing emission and develop short cavity fiber laser with lasing emission in the infrared region.
Advantages of a short laser cavity lies in a background loss reduction which occurs due to scattering or contaminants absorption and so can yield the same gain in a shorter device [4] and narrow emission linewidth. Such objective requires highly doped active ion concentration which carries a potential risk of clustering and increasing of excited state absorption effect (ESA) or reverse cross-relaxation. Fiber lasers have potential for narrow linewidth (few kHz) applications compared with for example semiconductor lasers (~MHz). [4] . Narrow linewidth is specially related to single frequency laser which operates in a single resonator mode emitting quasi monochromatic radiation with very small linewidth and phase noise which guarantees spectral purity. The origin of the phase noise is spontaneous emission of the gain medium related with optical and technical noise influence. The short cavity should give contribution to stabile long-term, single mode operation avoiding hopping mode [5] . On the other hand, too narrow linewidth can create problems due to Brillouin scattering which can be partially reduced by resonator length decrease [5] .
As the host matrix tellurite glass is used because of its unique properties whilst the IR emission is ensured with thulium ions. In a previous work [6] , some of the authors reported a characterization of some structural and optical properties of Tm 3+ ions in 75TeO 2 -20ZnO- 
Glass characterization: optical properties
Glasses were cut into 1-2 mm thick slices and polished to an optical quality. UV-VIS spectroscopy in transmission was carried out with a Varian Cary 500 spectrometer in order to assess the absorption spectra of the rare earth doped glasses.
Refractive index was measured for all samples at five different wavelengths (533, 825, 1061, 1312 and 1533 nm) by the prism coupling technique (Metricon, model 2010). The resolution of the instrument was of ± 0.0001. Five scans were used for each measurement.
Standard deviation in refractive index at different points of the same sample was around ±0.0003.
The steady-state emission measurements were made with a Ti-sapphire ring laser (0.4 cm -1 linewidth) at 793 nm of excitation wavelength. The fluorescence was analyzed with a 0.25 monochromator, and the signal was detected by a PbS detector and finally amplified by a standard lock-in technique. Lifetime measurements were obtained by exciting the samples with a Ti-sapphire laser pumped by a pulsed frequency doubled Nd:YAG laser (9 ns pulse width), and detecting the emission with a Hamamatsu R5509-72 photomultiplier. Since the R5509-72 PMT showed weak response at~1800nm, the decay curves from 3 F 4 level (Tm 3+ ) were performed by collecting the luminescence at the emission wavelength of 1680 nm. Data were processed by a Tektronix oscilloscope. All measurements were performed at room temperature. Table 1 shows the samples examined in this study together with their dopant concentration and refractive index values at 633, 825, 1061, 1312 and 1533 nm respectively. Table 1 The refractive index decreases with increasing Tm 3+ concentration and increasing wavelength [6] . Values of the refractive index of the sample T5 are used for obtaining Cauchy fitting parameters to be used in the Judd -Ofelt theory (3.2).
Experimental results

Glass table and refractive index measurements
Judd-Ofelt theory results
The VIS-NIR absorption measurement was obtained in the 300-2100 nm range on the sample doped with 11.3 10 20 cm -3 Tm 3+ , T5 (58151 ppm of Tm 3+ ). Absorption transitions originating in the ground state are assigned as 1 G 4 , 3 F 2,3 , 3 H 4 , 3 H 5 and 3 F 4 ( Fig.1.) .
Fig. 1
Judd-Ofelt (J-O) theory is used to calculate transition probabilities between different manifolds, radiative lifetimes and emission branching ratios as found in the literature [7, 8] .
Obtained values of J -O parameters by using five main absorption bands are summarized in Table 2 together with the literature overview. the assumption that all Stark levels of a given multiplet are equally populated. An overview of radiative rate, lifetime, and branching ratio of the main transitions is given in Table 3 . Table 3 In section 3.4 is introduced the experimental value obtained on a low doped sample and considered as radiative lifetime. Comparison of lifetime results given by the J-O theory with experimental values and the results from other authors is presented in Table 4 . Table 4 All reported data indicate the radiative value of 3 H 4 level as~0.35 ms whilst a significant discrepancy for 3 F 4 level between J-O theory and the experimental values is observed.
Emission spectra
Emission spectra of 3 value is in agreement with those reported in the literature for tellurite glasses [8, 9] and higher than those reported in fluoride and oxyfluoride glasses [10] .
Fluorescence waveforms were measured at 1475 nm ( 3 H 4 level) and 1680 nm ( 3 F 4 level) by pumping with 793 nm excitation wavelength at room temperature. Further experimental results and discussion will be separately presented for both emissions.
Concentration quenching of the 3 H 4 emission
The decay curves for the 3 H 4 level at 1475 nm were found to be non-exponential for all dopant concentrations except for the 0.36 mol% Tm 3+ doped sample (T0.36) which shows an exponential decay i.e. linear curve in semilogarithmic scale, as reported in Fig. 4 .
Fig. 4
Average lifetime values for the non-exponential decays are calculated by utilizing the expression [13] :
. Calculated lifetime values from this expression are given in Table 5 . The lifetime value of the lowest doped sample T0.36 is taken as the radiative lifetime in further assumptions.
Table 5
Photoluminescence quantum efficiency (η ) is expressed as a ratio between number of emitted and incident excitation photons. By the formula, η can be described either as a ratio between radiative and total decay or as the ratio between measured and radiative lifetime η = m / 0 [14] . Quantum efficiencies of all glass samples are reported in Table 5 .
The reduction of the lifetime and quantum efficiency of the 1475 nm emission as concentration increases, together with the change from exponential to nonexponential decays have been previously observed in Tm-doped glasses and attributed to cross-relaxation processes such as 3 H 4 , 3 H 6 → 3 F 4 , 3 F 4 . In this process part of the energy of an ion in level 3 H 4 is transferred to another ion in the ground state with both ions ending up in level 3 F 4 .
Energy transfer (ET) occurs when more than one optically active center are present inside the critical domain. Its value depends on sensitizer emission and activator absorption spectra overlapping, mutual ion distance, quantum transition efficiency, relative orientation of sensitizer and acceptor transition dipoles [15] . ET processes can be considered as radiative or non-radiative. In the case of radiative processes characterized by photon transfer, there is no coupling between active ions, and their emission probability will remain the same. However, non-radiative energy migration can be described by Coulomb interaction via electromagnetic field or by quantum mechanic and virtual photon exchange. The latter can be transferred to a classical mechanic frame by a dipole oscillator interaction assumption. Dipole -dipole (dd) and multipole interaction theory is described in the work by Dexter and Förster [16] .
Non-radiative energy transfer processes such as cross-relaxation are generally described in terms of three limiting cases: a) one step process involving direct energy transfer, b) diffusion -limited relaxation, and c) fast diffusion [17] . In the case of very fast diffusion, the decay of the donor fluorescence is purely exponential.
Decay curve of sample T0.36 (Fig. 4) shows a clear exponential decay and can be described by direct energy transfer model. However, for the higher dopant concentration it was not the case. Difference between diffusion limited process and fast diffusion can be determined by the concentration dependence of the quenching rate R Q given by:
-where m is the measured value and 0 the radiative lifetime.
A quadratic dependence R Q~N 2 corresponds to diffusion -limited processes whilst the linear R Q~N infers fast diffusion processes [18] . Hence a logarithmic plot of the quenching rate versus concentration should show a slope equal to two if the decay is diffusion -limited and equal to one in the case of fast diffusion. which indicate the presence of a dipole-dipole mechanism in the framework of a diffusionlimited regime. As we have mentioned before, for Tm 3+ concentrations higher than 6 mol%, the emission from 3 H 4 level is nearly totally quenched due to CR to 3 F 4 level.
Non-exponential decay curves of 3 H 4 emissions which are attributed to diffusionlimited regime when energy transfer between sensitizers and sensitizer to activator via dipole -dipole interaction occurs can be fitted by the Yokota -Tanimoto (Y-T) equation [19] :
where 0 is radiative lifetime, N is dopant concentration, [20] . Example of the fit curve for the sample T1 in a semilogarithmic plot is shown in fig. 6 . For Tm 3+ doping levels higher than 6.84 . 10 20 cm -3 , the emission from 3 H 4 level is practically quenched.
Fig. 6
Obtained values of Y-T parameters are shown in Table 6 . Table 6 This table also shows the values for the critical radius R 0 . The critical distance R 0 taken as 6 0 R = 0 C SA indicates that the energy transfer can occur among ions which are located within a given domain. A longer critical distance value means faster energy transfer.
Parameters A and B can be extended for the various concentration values by plotting them versus dopant concentration (Fig 7a, b) . where 0 is the radiative lifetime of 3 H 4 level, W ET the total energy transfer for dd interaction and N sensitizer ion concentration. In this study ET microparameters of dd interaction are obtained trough Yokota -Tanimoto fitting and not by Kushida model. Therefore is taken: [22] . W ET should include contribution from dq andinteraction which is in our case excluded. Values of calculated and measured lifetimes are shown on Fig.   8 .
Fig. 8
ET microparameters of Tm 3+ in ZB(L)AN glasses for the 3 H 4 level reported in literature [19] are: C SS = 2.8 10 -51 m 6 /s, C SA = 3 10 -51 m 6 /s. Values reported by Balda [20] where the host material was 
Concentration quenching of the 3 F 4 emission
Concerning the 3 F 4 emission, the relative luminescence intensity increases while its lifetime decreases with concentration. Figure 9 shows the logarithmic plot of the experimental decays of the 3 F 4 level for all samples. As can be seen the decays can be described by an exponential function to a good approximation for all concentrations and the lifetime decreases as concentration increases. Lifetime values and the corresponding quantum efficiency for the In this case, where the 3 F 4 level is the first excited state, the quenching of luminescence when active ion concentration increases can not be due to cross-relaxation between various excited states and it has been mainly considered as due to diffusion towards unidentified impurities (such as OH or other impurities present in the starting materials). The problem can be separated into two cases: diffusion limited regime and fast diffusion. The first case is considered when the order of magnitude for transfer probability between sensitizers and sensitizer to activator are the same. As we have seen, in the case of the diffusion limited situation the quenching rate is proportional to the square of concentration. As it is shown in gives a slope close to 2, which indicates that we are dealing with a diffusion limited regime.
In such a case, and assuming a dipole-dipole interaction, the self quenching behavior can be described by the formula proposed by Auzel [24] : 
Fig.10
Experimental values are in very good agreement with the fit curve for the whole range of concentrations. ET parameter is lower than in the case of 3 H 4 level by three orders of magnitude and the critical radius, shorter.
Conclusions
The present study concerns the investigation of various highly doped Tm 3+ tellurite glasses in 
